Epithelial wound repair assures the recovery of the epithelial barrier after wounding. During wound healing epithelial cells migrate to cover the wound surface. The presented experiments were carried out to compare the migration of human keratinocytes from primary and secondary culture on polystyrene, collagen, and fibrin glue used in clinical techniques. The images of migrating keratinocytes were recorded and analyzed using computer-aided methods. The results show that the character of the substrate strongly affects the speed and turning behavior of keratinocytes locomoting over it. The highest motile activity of human skin keratinocytes was found on fibrin glue substratum. It was found that locomotion of freely moving isolated cells was much faster than that of cell sheets. The autologous keratinocytes cultured in vitro were applied with fibrin glue to cover trophic wounds. The transplantation of human autologous keratinocyte suspension in fibrin glue upon long-lasting trophic wounds appeared to induce rapid and permanent wound healing.
INTRODUCTION
available collagen or fibrin glues are utilized (7,16-18, 29,31,33) . The role of cell motility in the processes of morpho-
The experiments presented in this article were carried genesis, regeneration, carcinogenesis, wound healing, out to compare the migration of human keratinocytes and in immune responses of organisms is commonly apon polystyrene, collagen, and fibrin glues commercially preciated (4, 24, 35, 36) . Epithelial wound repair assures available, as well as to compare the migration rate of recovery of the epithelial barrier after wounding. The individual keratinocytes and keratinocytes in cell sheets. cells involved in primary wound closure originate from
The autologous keratinocytes cultured in vitro were later the adjacent epidermis, outer root sheet of hair follicles, applied with different glues and in various form (as a and sweat gland ducts in the wound area (13) . In a cell sheet or cell suspension) to cover trophic wounds healthy human, skin keratinocytes do not locomote but that had not healed during more than 10 years. change position vertically, being passively pushed by cells growing at the basal layer and gradually differenti-MATERIALS AND METHODS ating to corneocytes. In wounded skin they exhibit latKeratinocyte Isolation and Culture eral migration and during wound healing epithelial cells Human keratinocytes (epithelial cells) were isolated migrate to cover the wound surface (2, 13, 25, 38) . Under from a skin biopsy taken from the forearm of the pasome conditions wounds in the human skin do not heal tients, which were later treated for wound healing with for years. In such cases their healing can be assured by autologous keratinocyte suspensions. Skin biopsy (1 transplantation and grafting of autologous keratinocytes cm 2 ) was transferred and rinsed three times in calcium grown in vitro. Sheets of keratinocytes from in vitro culand magnesium-free PBS solution (Wytwórnia Surowic tures are usually applied to cover extensive burns and i Szczepionek, Lublin, Poland) supplemented with 100 trophic wounds (17, 29) . It has been shown that fibrin IU/ml penicillin, 10 µg/ml neomycin, and 10 µg/ml provides a provisional matrix for epidermal cell migrastreptomycin (Polfa, Tarchomin, Poland). After washing tion during reepithelization. To facilitate the attachment the skin biopsy was cut up into 1-mm 2 pieces that were of keratinocytes to the wound bottom, commercially placed in Dulbecco's modified Eagle's medium (DMEM) cultured in a humidified atmosphere with 5% CO 2 at 37°C. (GIBCO Laboratories, Grand Island, NY) supplemented with 100 IU/ml penicillin, 10 µg/ml neomycin, and 10
Analysis of the Migration of Keratinocytes on µg/ml streptomycin in the presence of 10% heat-inactiTested Surfaces vated fetal bovine serum (GIBCO) into 24-well plates
The images of migrating keratinocytes were recorded (Corning). After 2-3 days the primary culture of keraand analyzed by computer-aided methods (20) (21) (22) 32) . tinocytes was obtained (Fig. 1A) . The culture medium Cells from secondary cultures were observed 1 h after was replaced by keratinocyte serum-free medium plating at a density of 10 4 cells/cm 2 into tissue culture (KSFM) (GIBCO) supplemented with epidermal growth Falcon petri dishes (polystyrene surface), petri dishes factor 1-51 (EGF-1-51) and bovine pituitary extract covered with fibrin glue (TISSEEL) (IMMUNO AG, (BPE) (GIBCO). When the primary culture of keratinoVienna) or with a sheet of liophilized collagen IV cytes in wells reached 40-50% confluence (after [5] [6] (INNOCOLL GmbH, Vienna), both often used as a biodays), the keratinocytes were passaged to expand the logical dressing during wound healing. The cells in priculture. The keratinocytes were dislodged by incubation mary culture on the polystyrene surface were also with 0.05% trypsin + 0.01% EDTA (GIBCO). After 5-observed. min incubation, trypsin was inactivated by 1% soybean Tracks of individual keratinocytes locomoting on varinhibitor (GIBCO) solution in calcium and magnesiumious substrata were generated by determination of cell free PBS. The keratinocytes were pelleted by low speed centroid displacements with time-lapse images taken at centrifugation and resuspended in KSFM for passaging 3-min intervals during a total observation period of 90 the cells. The cells were then plated at an initial cell min. The positions of the keratinocyte centroid were density of 3 × 10 4 cells per Corning flask (24 cm   2 ) and marked by an observer on a digitized image. Forty cell grown to 70% of confluence (Fig. 1B) . In all cell cultracks were recorded under each of the experimental tures the medium was changed every 48 h and cells were conditions tested. The cell trajectories were presented in circular diagrams with the starting point of each trajectory situated in the diagram center (20) . The following parameters characterizing cell locomotion were computed for each cell or cell population using procedures written in the Mathematica language, including: total length of cell trajectory; total length of the final displacement of the cell from (i.e., distance between) the first and last points of the cell track; average speed of cell locomotion defined as total length of cell trajectory/ time of recording (23); and a ratio of cell displacement length to cell trajectory length, called the coefficient of dislocation efficiency (CDE) (9, 26, 30, 37) . Gail and Boone (10) introduced the phenomenology of a "persistent random walk" to describe the random locomotion of cells. This method of quantitative characterization of cell locomotion became widely applied and developed by numerous researches. In experiments the mean squared displacement against time, the motility constant (the augmented diffusion constant), and the time in which the cells tend to persist in their direction of motion are estimated and used to characterize cell locomotion (1, 8, 12, 14, 28, 34) .
In the experiments presented here, the following parameters were also calculated: the augmented diffusion constant R (the motility constant) computed from the plot of the mean squared displacement (see Fig. 3 ) against time (8, (10) (11) (12) 14, 15) , the cell velocity S, and directional persistence parameter P, computed from the Langevin equation: Fig. 6 ). The cells migrated the furthest distance on plastic, followed by fibrin glue and on collastarting point to the subsequent position and T is time (8, 28 Figure 2 shows the trajectories of keratinocytes mialization occurred in three cases between day 14 and day grating on plastic, fibrin glue, and collagen. Analysis of 20 by the formation of stratified epidermis. Six months these trajectories yields the results presented in Table 1 .
after the grafting of keratinocytes, the normal color of The values of parameters that quantitatively characterize the skin and the sensation of mechanical stimuli (touchcell locomotion were estimated as described previously ing) appeared in the skin region healed without scar (21,37): total length of cell displacement from the start- (Fig. 5) . ing point to the final cell position (in µm); total length of cell trajectory [i.e., the "true" length of cell trajectory DISCUSSION (in µm)] (the trajectory of a cell was considered as a sequence of n straight-line segments, each correspondThe computer-aided methods applied in the described experiments permitted quantitative comparison of motile ing to the cell centroid translocation within one time interval between two successive images); the ratio of cell activities of human skin keratinocytes in primary and secondary cultures. The results show that the character displacement to cell trajectory length, defined as the CDE; average speed of cell locomotion; persistence paof the substrate strongly affects the speed and turning behavior (Fig. 4) of keratinocytes locomoting over it rameter P = total cell translocation/total length of the cell path (P would equal 1 for the cell moving persis- (20) . The length of total displacement of the individual cells was found to be more than twice that when cells tently along one straight line in one direction); the augmented diffusion constant R (the motility constant) commoved on polystyrene (110.06 µm/90 min) than when crawling on polystyrene covered with fibrin or collagen puted from the plot of the mean squared displacement against time.
glues (44.32 and 42.55 µm/90 min). At the same time, cells moving at the cell sheet margins displaced only Only data from single isolated cells were used. The determination of trajectories of single cells is necessary 28.82 µm/90 min. Also, the calculation of diffusion constant (R) based on random walk analysis gave results to discriminate between cell motile activity and final cell Values are given as the mean ± SEM. All values are statistically different from polystyrene (single cells) minus control at p < 0.05. *The ratio of cell displacement to cell trajectory length. CDE would equal 1 for the cell moving persistently along one straight line in one direction and zero for a random movement (9, 37) . showing the greatest value of this parameter for cells rene. Because it has often been reported that cell motile activity correlates with cell proliferation, it was expect crawling on polystyrene (83.18 µm 2 /min) and much lower values for those moving on fibrin glue (11.29 that the fibrin glue substratum could be a good substrate supporting keratinocyte proliferation. This was conµm 2 /min) and collagen glue (11.58 µm 2 /min). The final cell displacement is often shown as the sole firmed in clinical experiments in which keratinocytes seeded on fibrin glue efficiently induced wound closure parameter measured to characterize cell motility. With such often used methods as the "leading edge" method and healing. The locomotion of freely moving isolated cells was (6, 19) or phagokinetic track method (3, 5, 27) , one cannot determine quantitatively the turning behavior of cells much faster than that of cells located at the edge of cell sheets. This suggests a much higher speed of wound cloand dislocation efficiency. The determination of trajectories of moving cells, on the other hand, permits detersure by keratinocytes seeded in small groups or as cell suspension than when the wound is covered by a cell mination of the total length of cell trajectories and hence calculation of the average speed of cell movement, as sheet. The healing of wounds in three patients was observed, suggesting this may be an alternative treatment well as the coefficient of dislocation efficiency and persistence parameter of movement (13, 21, 37) . It was that should be studied further. In addition, in vivo wound healing that requires fibroblast growth and collafound that the total length of cell trajectories and average real speed of individual cell movement were greatest gen synthesis can be stimulated in the presence of fibrin glue. Autografting of keratinocytes cultured in vitro apfor cells moving on fibrin glue (2.00 µm/min), lower on polystyrene (1.61 µm/min), and the lowest on collagen peared to be an efficient method of therapy in long-lasting leg ulcers. The donor cells are cultured and the entire (1.31 µm/min) (Fig. 6) . A still lower speed of cell movement was found in cells moving at the margins of cell process takes 3-4 weeks to complete. The cells are grafted back onto the same patient. Consequently, there sheets on polystyrene (1.066 µm/min). This shows that the real speed of cell movement and cell motile activity are no rejection problems, no need for the use of lifethreatening immunosuppressant drugs, and no risk of cannot be determined directly from measurement of the final cell displacements in experiments of long duration. disease transmission from another person. This method yielded good results in patients in which skin grafts were Comparison of the final cell displacements can lead to wrong conclusions concerning cell motile activity, as ineffective. there is no direct correlation between the speed of cell strongly depends upon the shape of the cell trajectory and cell-turning behavior (Fig. 6) . The highest motile REFERENCES activity of human skin keratinocytes was found on a fi-
